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Abstract: Since 2002, the GRACE progran3 has provided a large an3ount of high-precision data, which can be 
used to detect temporal gravity variations related to global mass re-distribution inside the fluid envelop of the 
surface of the Earth. In order to make use of the GRACE data to investigate earthquake-related gravity changes in 
China, we first studied the degree variances of the monthly GRACE gravity field models, and then applied decor-
relation and Gaussian smoothing method to obtain seasonal gravity changes in China. By deducting the multi -year 
mean seasonal variations from the seasonal maps, we found some earthquake-related gravity anomalies. 
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1 Introduction 
Earthquake occurrence results in crustal stress , strain 
and material-density changes. Thus gravity changes ob-
served at and over the surface of the Earth contain 
earthquake-related information, which can be used to 
investigate the mechanism of earthquakes[!]. 
Since the successful launching of Gravity Recovery 
and Clinlate Experiment(GRACE)on March 17,2002, 
studies on static gravity fields and their temporal varia-
tions by using gravity-observing satellites have been 
fully developed. Gravity changes associated with the 
2004 Snmatra-Andaman earthquake were detected by 
GRACE in many recent studies [2 _, l , illustrating that 
satellite observation of gravity can be a most effective 
method of monitoring strong earthquakes. How to ef-
fectively use the internationally gathered GRACE data 
for earthquake monitoring and prediction in China will 
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hence become the focus of our research. 
In this paper, we report a study on how to use the 
GRACE products to detect gravity changes in China 
and its vicinity. We first studied how to use the monthly 
gravity field; then used the GRACE level 2 products, 
together with decorrelation and Gaussian smoothing 
method, to calculate the gravity changes. We then pres-
ent, and give an analysis of, the observed seasonal vari-
ations , and point out their correlation with several large 
earthquakes. 
2 Data reprocessing and filtering me-
thods 
2.1 Data 
The main GRACE data are divided into four levels: 0, 
1 A, 1 B and 2 ; in addition , some other products have 
been released. The level 0 products (raw data) are col-
lected on-board the GRACE spacecraft and are sent to 
the ground. The level 1A products are the results of a 
non -destructive processing applied to the Level 0 data. 
The level 1 B products are data correctly time-tagged 
and re-sao3pled from the high-rate data of the previous 
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levels; they can be used to determine the gravity field 
and the precise orbit of the GRACE satellite. The level 
2 data refer to monthly estimates of spherical harmonic 
coefficients of the earth' s gravity field. 
In this study we used the level 2 products released 
by university of Texas at Austin ( UTCSR) . This prod-
uct has two versions: Release 01 (truncated to 120, from 
April 2002 to December 2006) and Release 04 ( trun-
cated to 60, from April 2002 to June 2010) , which is 
an improved version of Release 01 [sJ. 
Because commission error becomes larger when the 
degree is higher, especially when over 90 , UTCSR re-
mind users not to use the coefficients when the degree 
is larger than 90 , but to use a suitable truncation or 
smoothing technique. 
2. 2 Degree-variance analysis and maximwn - de-
gree truncation 
The Root Mean Square ( RMS ) error of gravity field 
models consists of omission and commission errors. In 
theory, such models can represent the whole-wavelength 
information of gravity fields only when sphere harmonic 
( SH ) coefficients contain all degrees , from 0 to infi-
nite[ 6 - 8l. Since it is practically impossible to get all 
frequencies of the Earth ' s gravitational field, we must 
truncate the gravity field models to a certain degree and 
order, if we want to get required precision , and this 
causes additional omission error. Commission errors are 
generated in the process of calculating spherical har-
monic coefficients. 
Degree variances are one of the most important errors 
of gravity field model. Degree variance spectrum of 
gravity anomalies <T~ [ 6J is computed by, 
<T~ = { ~~ (l- 1) f CT~o (C) + 
GM zz - -( J7( l -1)) ];
1 
( cr~J C) + crim ( S)) ( 1) 
Where GM is the products of the gravitational constant 
and the earth ' s mass; R is the mean radius of the 
earth ; l is degree ; m is order; rrim is the variance in de-
gree l and order m ; C and S are cosine and sine SH co-
efficients. 
Before the occurrence of a large earthquake of 
Ms7. 0 ,a temporal gravity change can be as large as a-
bout 100 X 10-8 ms - 2 • Since some previous studies 
show that, for a gravity change of 93 X 10-8 ms - 2 on 
the ground, a change of 20 X 10-8 ms - 2 can be ob-
served at a satellite height of 450 km[9J , the RMS error 
of gravity anomalies for such an earthquake should be 
less than 20 X 10-8 ms - 2 at such a height. 
From GRACE we obtained the RMS error distribu-
tion of monthly time-series of SH coefficients for the 
two versions ( Fig. 1 and 2 ) . In these figures, the blue 
lines are the RMS errors of the monthly gravity field 
models, and the red lines are at 20 X 10 - 8 ms - 2 • The 
blue line values in Fig. 1 are mostly larger than 20 X 
10-8 ms - 2 above a degree of about 70, and less than 20 
X 10-8 ms - 2 below this degree. All blue line values in 
figure 2 are less than 5 X 10-8 ms - 2 • Thus we find that 
in using Release 01 data we should omit the SH coeffi-
cients above degree 70 approximately, and use coeffi-
cients below degree 60 only. In this paper , we used 
Release 04 products not only because of no truncation 
is needed but also because of its up-to-date status. 
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Figure 1 RMS error of gravity anomalies (Release 01) 
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Figure 2 RMS error of gravity anomalies (Release 04) 
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2. 3 Smoothing Method 
A gravity anomaly Il.g can be expanded as a sum of 
normalized associated Legendre functions P 1m 
(cosO) [lOJ , 
GM zmax ( R ) z z -
Ilg = Ji2 6 ( l - 1) ----;: 6 P1m ( cosO) X 
( C1:cos( mA) + S1msin( mA)) (2) 
Where r is the distance from the center of the Earth to 
A ; 0 is longitude ; C z: is colatitude ; S lm and are dimen-
sionless coefficients; lmax is the maximum degree. 
Gravity changes can be obtained by the difference 
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Figure 3 Gravity changes between June and April 2008 with-
out filtering ( 10 -s ms -l). The red star indicates the epicenter 
of the Wenchuan Ms8. 0 earthquake on 12 May 2008. 
of two gravity field models. 
d llg = ,dg mouthly - ,dg background (3) 
We calculated the difference between June 2008 and 
April 2008 by using formula ( 2 ) and ( 3 ) . The result 
( Fig. 3 ) shows that gravity changes are dominated by 
errors (south-north stripes) in the high-frequency SH 
coefficients. 
One way to reduce the stripes is by using Gaussian 
smoothing method. The gravity variation can be ex-
pressed as following[SJ. 
GM zmax R z z -
dllg =-2 L (l-1) (-) L W1P1m( cosO) X R 1=2 r m=O 
(4) 
Where W1 is the weight coefficients of a smoothing 
Gaussian filter applied ;.d C1m and .d S1m are the residual 
SH coefficients with respect to the background model. 
In this study , we used two methods to remove the 
south-north stripes: ( 1) Only Gaussian smoothing meth-
od with a certain radius ( Fig. 4 ( a) and 4 ( b) ) ; ( 2) A 
two-step filter[ 3J (Fig. 4 (c) and 4 (d) ) . Firstly, we ap-
plied a third-order polynomial to the even-and-odd co-
efficients pairs at SH orders 8 ( P3 M8 ) and above to re-
move the correlation among such coefficients. Second-
ly, we applied the Gaussian smoothing method. 
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Figure 4 Gravity changes between June and April 2008 with 4 filtering methods. ( a) 500 km Gaussian, (b) 
800 km Gaussian, ( c) P3 M8 decorrelation and 500 km Gaussian, ( d) P3 M8 decorrelation and 800 km Gaussian. 
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Figure 3 shows the original gravity variation distribu-
tion from the GRACE data, which is dominated by ran-
dom stripes. Figure 4 shows the residual field produced 
when the filtered field is removed from the original 
field. By using the filtering technique, we were able to 
obtsin some significant geophysical signals. But the re-
sults with different filtering methods are different. 
Comparing the four maps in Fig. 4 , we discover that : 
( 1 ) Figure 4 ( a) is much better than Figure 3 , but there 
are still some large stripes ; ( 2) There are no stripes in 
figure 4 ( b) with a larger smoothing radius, but the sig-
nal amplitudes becomes smaller. The same phenomenon 
takes place in Figure 4( c) and 4( d). (3) Figure 4( c) 
shows more significant decrease in stripes , while keep-
ing better signal information than Fig. 4 ( a) ( not too 
much signal attenuation) . Thus , we decided to use the 
two-step method in figure 4 ( c ) ( P3 M8 decorrelation 
and 500 km Gaussian smoothing radius ) to calculate 
the gravity changes. 
3 Results 
Spatial and temporal gravity variations observed by 
GRACE reflect mass redistribution inside the solid 
Earth and its fluid envelops at a large spatial and tem-
poral scale. They provide geophysical signals related to 
land hydrology, oceans, glaciers and earthquakes 
etc. [Ill. In this section, we take the seasonal variations 
as an example to show some characteristics of the gravi-
ty changes. 
We used UTCSR Release 04 GRACE time-variable 
products , which include 89 approximately monthly 
spherical harmonic coefficients ( up to 60 degree) , from 
January 2003 to June 2010. We first calculated monthly 
variations by using the two-step filter as described in 
section 2. 2. We then found the mean field of these 89 
solutions and used it as the background field to be re-
moved from the data to obtsin the monthly variations. 
From the monthly variations , it was easy to obtain the 
seasonal , semi -annual, annual and secular gravity varia-
tions. Fig. 5 shows, as an example, the seasonal gravity 
redistribution from 2003 to 2010. 
4 Discussion 
Several remarkable features can be seen in these sea-
sonal gravity maps for China and its vicinity : 
1 ) There were significant seasonal gravity changes in 
southwest China, India and Southeast Asia. The gravity 
decreased from spring to summer, increased from sum-
mer to autumn , decreased from autumn to winter but re-
mained positive with respect to the background gravita-
tional field, and again decreased from winter to next 
spring. The yearly variations were as large as 24 X 10 -• 
ms -z. A reasonable explanation for this seasonal varia-
tion is redistribution of the water mass. These areas, 
which include the Indian Ocean and the Qinghai-Tibet 
Plateau , are rich in water resources. The mass of under-
ground water, glaciers and the soil moisture in the earth 
changed from one season to another because of the cli-
mate, monsoon activity and temperature change. 
2 ) In contrast, gravity variations in other areas of 
China and in adjacent countries showed no notable sea-
sonal gravity variations. These areas are located mainly 
in the inland, and are thus less affected by water. 
3) The same feature may be seen in the mean sea-
sonal maps for these years,as shown in Fig. 6. 
4 ) By taking the mean seasonal variations as the 
background( i. e. , assuming that any anomalous varia-
tions during these years are averaged out) , and deduc-
ting it from of the seasonal variations in each year, we 
were able to see anomalies related some other geophysi-
cal processes, including earthquakes (Fig. 7) . In Fig. 5 
and 6 , we found several amazing anomalies related to 
earthquakes. ())By comparing the autumn map in 2004 
with other autumn maps , we can see the anomaly that 
confirms the co - and post-seismic gravity changes for 
the earthquakes in Indonesia in December 2004 and 
March 2005 detected previously by using GRACE da-
ta[2·'1. ®The gravity changes related to the 2008 Wen-
chuan Ms8. 0 earthquake were very noticeable also. 
Relatively positive gravity changes appeared in Sichuan 
and Yunnan provinces of China in autumn and summer 
from 2006 to 2008 , and decreased in the same seasons 
of 2009. This may reflect the process of energy accumu-
lation and release of the Wenchuan Ms8. 0 earthquake 
to a certain extent. @We were surprised to see some 
other anomalies : One in the boundary area of Russia, 
Mongolia and China that corresponds to a magnitude 
7. 3 earthquake on 1 October 2003 ; another in Pakistan 
corresponding to a magnitude of 7 . 8 earthquake on 8 
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Figure 5 Seasonal gravity maps for 2003 to 2010 (unit: 10 -s ms -z) . 
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Figure 6 Mean seasonal gravity maps for 2003 to 2010 (unit: 10 -s ms - 2 ) 
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Figure 7 Distribution of earthquakes ( M s ~ 7. 0) in Chinese mainland and its vicinity 
October 2005. @The summer map in 2010 is somewhat 
different from the summer maps in other years. Why 
this is so remains to be seen in the future. 
Included are : A magnitude of 7. 3 earthquake on 1 
October 2003, the Sumatra-Andaman earthquake 
( Ms8. 7 ) on 26 December 2004, the Pakistan earth-
quake ( Ms7. 8 ) on 8 October 2005 and the W enchuan 
earthquake(Ms8. O)on 12 May 2008. 
5 Conclusion 
In this study , we used release 04 spherical Harmonic 
coefficients from the GRACE satellite gravity observa-
tion data , together with decorrelation ( P3 M8 ) and 
Gaussian smoothing method ( 500 km) , to detect gravity 
changes in China mainland and its vicinity. From the 
the calculated seasonal maps , we found certain charac-
teristics in some areas, and by removing the mean sea-
sonal gravity field we found some interesting gravity a-
nomalies that correlate with Earthquakes. This and pre-
vious studies[ 12 ' 13 l show that GRACE can be used to 
monitor earthquake-related deformation. 
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